Abstract Skin browning spot (SBS) is an important physiology disorder that often occurs in bagged fruit at the mature stage in the Huangguan (Pyrus bretschneideri × Pyrus pyrifolia) pear. Using atomic absorption spectrometry, X-ray microanalysis, and the potassium-pyroantimonate precipitation method, the water-soluble and total Ca 2+ , Mg
Abstract Skin browning spot (SBS) is an important physiology disorder that often occurs in bagged fruit at the mature stage in the Huangguan (Pyrus bretschneideri × Pyrus pyrifolia) pear. Using atomic absorption spectrometry, X-ray microanalysis, and the potassium-pyroantimonate precipitation method, the water-soluble and total Ca 2+ , Mg 2+ , and K + contents, their microdistribution, and the Ca 2+ localization were investigated in bagged Huangguan pear fruit in the presence and absence of SBS. Our results show that the water-soluble and total Ca 2+ contents in both the skin and flesh tissue and the total Ca 2+ content only in the skin tissue of the fruits with SBS were significantly lower compared to those of the fruits without SBS. However, a higher K + content in the skin tissue was found in the fruits with SBS. There were no significant differences in the water-soluble and total Mg 2+ contents in the skin and flesh tissue between the fruits with and without SBS. In addition, the results of the X-ray microanalysis were consistent with changes in the total Ca 2+ , Mg 2+ , and K + contents in the skin and flesh tissue of the pear fruit that were affected by SBS. Compared to the skin tissue of pear fruit without SBS and the healthy part near the lesion zone of SBS, the lesion zone of SBS exhibited a high accumulation of Ca 2+ grains in the cell membrane of the epidermis cells, while fewer Ca 2+ grains were found in the vacuoles and cell walls.
Introduction
Fruit bagging is a routine fruit cultivation technology that is widely used in the production process and that effectively reduces the roughness of the skin surface, brightens the fruit surface, and improves the external quality of fruit (Jia et al. 2005; Huang et al. 2009; Feng et al. 2014) . The Huangguan (Pyrus bretschneideri×Pyrus pyrifolia) pear fruit is a wellknown medium-maturity cultivar with a fine appearance and highly edible quality after bagging. However, the fruit surface easily exhibits browning spots, known as skin browning spot (SBS), around the fruit lenticels during fruit maturation when bagged (Guan et al. 2008) . SBS is a physiological disorder (Guan et al. 2006; Wang et al. 2011a, b) . Obviously, SBS may cause a significant decrease in the fruit commercial value. Therefore, it is necessary to understand the mechanism of SBS and to establish more effective strategies for its prevention. Ca 2+ plays an important role in delaying fruit senescence and reducing the occurrence of physiological disorders (Fallahi et al. 1997; Wang et al. 2011b; Aghdam et al. 2012 ). Many physiological disorders in apple and pear are closely related to Ca 2+ deficiencies (Guan et al. 2006 (Guan et al. , 2008 Freitas et al. 2010; Gong et al. 2010; Dong et al. 2013; Miqueloto et al. 2014) . Moreover, most of the Ca 2+ is located in the vacuole and cell wall, where dynamic changes in the Ca 2+ level can regulate Ca 2+ homeostasis in the cell (Bangerth 1979; White and Broadley 2003) . In addition, exogenous Ca 2+ significantly delays fruit senescence and reduces SBS incidence in the Huangguan pear (Gong et al. 2009 (Gong et al. , 2010 . In apple, the water-soluble Ca 2+ is strongly correlated with physiological disorders of the fruit (Saks et al. 1990; Pavicic et al. 2004; Do Amarante et al. 2013) . However, the involvement of water-soluble Ca 2+ in SBS development is still not well understood. Furthermore, although many approaches have investigated whether SBS development might be related to a lower Ca 2+ content (Guan et al. 2006; Gong et al. 2009; Wang et al. 2011b) , there is less information on the calcium fraction and its localization at the cellular level in Huangguan pear.
Considering 
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Materials
Huangguan (P. bretschneideri×P. pyrifolia) pear fruits were harvested at commercial maturity (August 2, 2013) from 10 commercial orchards located in different regions of Xinji County, Heibei, China. The trees were 13-15 years old and grown at 3.0 m ×1.5 m, and all of the rootstocks were P. betulifolia Bunge. The pear fruits were bagged on May 12, approximately one month after full bloom. Each fruit bag (15 cm×18 cm) consisted of a waterproof gray paper in the outer layer, black paper in the middle layer to prevent light from passing through, and cotton paper in the inner layer to maintain the moisture content and to avoid friction injury. In each orchard, the pear fruits were picked and subsequently sorted into two categories: fruits with and without the visual symptoms of SBS. After the fruits were selected for their uniformity without any visible defects other than SBS, they were transported to the laboratory within 2 h. Next, three replicates of 10 fruits each were randomly selected from each category. Two longitudinal slices of skin and flesh tissue samples were taken from opposite sides of the fruits with and without SBS. Approximately 2-mm thickness of skin tissue and 2 cm of flesh tissue under the skin tissue were collected from the same region by using a razor blade to measure the water-soluble and total Ca 2+ , Mg 2+ , and K + contents.
Determination of the water-soluble and total contents of Ca , and K + contents were prepared as previously described by Pavicic et al. (2004) . In this study, 20 g of skin tissue and 10 g of flesh tissue were homogenized with 20 ml of deionized water and then centrifuged at 9,000×g for 15 min at 25°C. The supernatant was filtered immediately using filter paper (No. 101, Hangzhou Xinhua Paper Industry Co., China) and then diluted with deionized water to 100 ml. The volume of the diluted supernatant was measured to analyze the water-solution Ca 2+ , Mg
2+
, and K + contents using an atomic absorption spectrophotometer (TAS-990, Purkinje General Instrument Co., China).
The total Ca 2+ , Mg
, and K + contents were prepared as described by Pavicic et al. (2004) . In this study, 3.0 g of skin tissue and 5.0 g of flesh tissue were mixed with 1:3 (v/v) perchloric and nitric acids. After digestion and dissolution, the total Ca 2+ , Mg
, and K + contents were analyzed using an atomic absorption spectrophotometer (TAS-990, Purkinje General Instrument Co., China).
X-ray energy microanalysis
The X-ray energy microanalysis was prepared as previously described by Lott et al. (1978) . The samples were obtained from pear fruits without SBS, the lesion zone of SBS, and the healthy part near the lesion zone of SBS. Each section removed 30 slices of skin and flesh from the same region under the skin tissue, and the tissues were then cut into 2-mm 2 sections using a razor blade. The samples were immediately frozen in liquid N 2 and then transferred to a freeze drier (FD-1C-55, Beijing Boyikang Experimental Instrument Co., China) at 1 Pa and −45°C for 24 h. The samples were examined using a scanning electron microscope (S-4800, Hitachi, Japan) and analyzed for the element microdistribution using energy dispersive X-ray spectroscopy (INCA PentaFET ×3, Oxford Instrument, UK). The electron probe was operated at an accelerating voltage of 20 kV with a specimen current of approximately 1.5×10 −10 Å. The individual particles were measured in point analysis mode. The morphological parameters, such as the diameter and morphology factor, were calculated using an image-processing method. These estimated geometrical data were set as the input parameters for quantification. The net X-ray intensities for the Ca 2+ , Mg 2+ , and K + concentrations were obtained using nonlinear least squares fitted with microanalysis software (INCA, Oxford Instrument, UK).
Cytochemical observations of Ca 2+ localization
The Ca 2+ localization was cytochemically observed as previously described by Suzuki et al. (2003) . The samples were obtained from pear fruits without SBS, the lesion zone of SBS, and healthy part near the lesion zone of SBS. Each sample of skin and flesh was obtained from the same region under the skin tissue and was cut into 2-mm 2 sections using a razor blade. The samples were fixed in 3 % (v/v) glutaraldehyde in 0.1 M potassium phosphate buffer (pH 7.2) containing 2 % (w/v) potassium antimonate at 4°C for 24 h. After washing in the same buffer with 2 % (w/v) potassium antimonite, the samples were post-fixed in 1 % (w/v) osmium tetroxide in 0.1 M potassium phosphate buffer (pH 7.2) containing 2 % (w/v) potassium antimonate at 4°C for 3 h, dehydrated in a graded series of alcohol (30-100 %), and subsequently embedded in epoxy resin (EPON812, SPI Supplies Division of Structure Probe, Inc., USA).
To examine the Ca 2+ localization, 70-nm-thick sections were prepared using a diamond knife on an ultramicrotome (Leica Ultracut R, Leica, Germany) and stained with 5 % (w/v) uranyl acetate for 20 min followed by incubation in a 2 % (w/v) lead citrate solution for 5 min. Next, the sections were examined using a transmission electron microscope (H-7650, Hitachi, Japan) at 80 kV. To confirm the specificity of the potassium-pyroantimonate precipitation reaction, a control was obtained using sections that were treated with 0.1 M ethylene glycol tetraacetic acid (EGTA) (pH 7.9) at 60°C for 1 h to remove the calcium pyroantimonate precipitation.
Statistical analysis
One-way analysis of variance (ANOVA) was performed to determine the significant differences (at P<0.05) according to Duncan's multiple comparison test using SPSS software (Version 13.0, SPSS Inc., USA). A principal component analysis (PCA) was performed using SPSS software (13.0, SPSS Inc., USA) to analyze the data in 10 orchards of pear fruits with and without SBS, which represented the associations among the W(Ca)S (water-soluble Ca 2+ content in the skin tissue), W(Ca)F (water-soluble Ca 2+ content in the flesh tissue), T(Ca)S (total Ca 2+ content in the skin tissue), and T(Ca)F (total Ca 2+ content in the flesh tissue).
Results
Ca
2+
, Mg
, and K + contents in the skin and flesh tissues of pear fruits with and without SBS In the water-soluble fraction, the Ca 2+ content of the skin and flesh tissues in the pear fruits with SBS was lower than in those without SBS. However, no differences were found in the Mg 2+ and K + contents in the skin and flesh tissues of the fruits with and without SBS. In the total content, the Ca 2+ content of the skin tissue in the pear fruits with SBS was also lower, while the K + content was higher compared to that in the skin tissue without SBS. The total Ca 2+ , Mg
, and K + contents of the flesh tissue showed no significant difference between the fruits with and without SBS (Table 1) .
A PCA was performed to summarize the four features of W(Ca)S, W(Ca)F, T(Ca)S, and T(Ca)F. The data on the two principal components (PC1 and PC2) accounted for 96.49 % of the total variation (PC1, 69.45 %; PC2, 27.04 %). The first principal component PC1 accounted for 44, 47, 35, and 25 % of the variance, while the second principal component PC2 accounted for 60, 62, 46, and 33 % of the total variance for the features of W(Ca)S, W(Ca)F, T(Ca)S, and T(Ca)F, respectively. The variables of the pear fruits with and without SBS in 10 orchards were separated into two clusters. One cluster of pear fruit without SBS was positively correlated with the PC1 and was characterized by higher W(Ca)S, W(Ca)F, and T(Ca)S, while the other cluster of pear fruits with SBS was plotted on the negative axes of the PC1 and characterized by lower W(Ca)S, W(Ca)F, and T(Ca)S (Fig. 1) .
X-ray microanalysis of Ca
2+
, and K + in the skin and flesh tissue of the pear fruits with and without SBS In the skin tissue, the energy spectra intensity of Ca 2+ at the lesion zone and in the healthy part near the zone of SBS were significantly lower compared to that in the fruits without SBS and more significantly at the lesion zone of SBS (Fig. 2a-c) . However, no significant differences in the Ca 2+ intensity were found in the flesh tissue between the fruits with and without SBS (Fig. 2d, g ). The energy spectra intensity of Mg 2+ in the skin and flesh tissues demonstrated no significant differences in the pear fruits with and without SBS (Fig. 2e, h ). The energy spectra intensity of K + in the skin tissue at the lesion zone and healthy part near the zone of SBS were higher than that in the fruits without SBS but exhibited no significant differences in the flesh tissue of the pear fruits with and without SBS (Fig. 2f and i) .
Ca
2+ localization in the skin and flesh tissue of the pear fruits with and without SBS The skin tissue includes the cuticle, epidermal cell layer, tannin cell layer, and parenchyma cells. More Ca 2+ grains were distributed in the vacuole and cell wall of the epidermis cells, tannin cells, and parenchyma cells in the pear fruits without SBS (Fig. 3a, d, and g ). The cell membrane of the epidermal cell was invaginated and wrinkled in the lesion zone of SBS, and fewer Ca 2+ grains were present in the vacuole and cell wall (Fig. 3b, e) . However, unusually high amounts of Ca 2+ grains accumulated in the cell membrane and were found in the epidermal cells (Fig. 3e) . To prove the presence of calcium grains, the black electron-dense grains in the cell membrane were vanished by EGTA treatment (Fig. 3j) , indicating calcium pyroantimonate precipitation. In addition, electron-opaque materials occupied the entire tannin cell in the lesion zone of SBS (Fig. 3e) . Similar to the epidermal cells, less Ca 2+ distribution was observed in the vacuole and cell wall of the parenchyma cells (Fig. 3h) . In the healthy part near the lesion zone of SBS, the epidermis, tannin cells, and parenchyma cells showed the same cell morphology as did the pear fruits without SBS; however, fewer Ca 2+ grains accumulated in the vacuole and cell wall (Fig. 3c, f, and i) .
In the cells of the flesh tissue, additional Ca 2+ grains in the pear fruits without SBS were found in the vacuole, cell wall, and intercellular space (Fig. 4a, d ). In contrast, fewer Ca 2+ grains were present in the vacuole and cell wall under the lesion zone and healthy part near that zone of SBS; however, the plasma membrane and organelles remained intact (Fig. 4b , c, e, and f).
Discussion
Our data indicate that lower levels of water-soluble and total Ca 2+ contents were found in the skin tissue of the pear fruits with SBS (Table 1) , similar to previous results (Guan et al. 2006; Wang et al. 2011b ). In addition, the water-soluble Ca 2+ content of the flesh tissue was also lower in the fruits with SBS, while no differences were observed in the total Ca 2+ content of the flesh between the fruits with and without SBS. In addition, the results of the PCA indicate that the pear fruits with SBS had lower contents of W(Ca)S, W(Ca)F, and T(Ca)S (Fig. 1) . Thus, the water-soluble and total Ca 2+ exhibited different responses to the occurrence of SBS in different tissues. The lower levels of water-soluble Ca 2+ might contribute to bitter pit development and senescence in apple (Saks et al. 1990; Pavicic et al. 2004) . In this study, compared to the Fig. 2 Microanalysis of the Xray energy spectra intensity in the skin tissue (a pear fruits without SBS, b lesion zone of SBS, and c healthy part near the lesion zone of SBS) of bagged Huangguan pear fruits with and without skin browning spot (SBS). The percentages of Ca
(e, h), and K + (f, i) energy spectrum intensities in the skin and flesh tissues were estimated in the pear fruits with and without SBS. In the x-axis of subpanels di, 1, 2, and 3 represent the pear fruits without SBS, lesion zone of SBS, and the healthy part near the lesion zone of SBS, respectively. The data are expressed as the mean±stranded errors. The asterisks represent significant differences (**P<0.01; *P<0.05; ns, not significant) between the fruits with and without SBS Fig. 3 Calcium localization in the skin tissue of bagged Huangguan pear fruits with and without skin browning spot (SBS). a-c Epidermal and tannin cell layers of the pear fruits without SBS, lesion zone of SBS, and healthy part near the lesion zone of SBS, respectively. g-i Tannin and parenchymal cell layers of the pear fruits without SBS, lesion zone of SBS, and healthy part near the lesion zone of SBS, respectively. d-f Magnifications of a, b, and c, respectively. e, j The black arrows indicate black spots that resulted from the reaction between potassium antimonite and Ca
2+
, while the white arrows indicate the disappearance of Ca 2+ deposits resulting from the EGTA treatment. Cu, cuticle; CW, cell wall; EC, epidermis cell; PC, parenchyma cell; TC, tannin cell; V, vacuole , while the white arrows indicate the disappearance of Ca 2+ deposits resulting from the EGTA treatment. CW, cell wall; IS, intercellular space; Mt, mitochondria; V, vacuole pear fruits without SBS, the water-soluble Ca 2+ content of the skin tissue decreased by 41.96 %, while the total Ca 2+ content decreased by 37.94 % in the fruits with SBS (Table 1) . Thus, changes in the water-soluble Ca 2+ content were more sensitive to SBS development, indicating that the water-soluble Ca 2+ , particularly in the skin tissue, plays a more important role in regulating the occurrence of SBS. In addition, a lower Ca/K ratio was correlated with SBS development (Guan et al. 2008) . In this study, higher total K + content and energy spectra intensity were observed in the skin tissue of the pear fruits with SBS, consistent with previous reports (Guan et al. 2008) .
Furthermore, the same pattern of Ca 2+ microdistribution in the skin and flesh tissue was found using X-ray microanalysis (Fig. 2) . X-ray microanalysis was also used to plot the microzone mineral distribution in apple, tomato, and kiwi fruits (Hunsche and Noga 2008; Dong et al. 2013; Santoni et al. 2014) . Thus, the microanalysis of mineral elements can be used to efficiently examine element deficiency in fruit.
Ca 2+ contributes to cellular membrane structure and function by binding to phospholipids and proteins at the cell membrane surface depending on the permeability of plasma membrane (White and Broadley 2003; Lecourieux et al. 2006) . Ca 2+ homeostasis plays an important role in regulating in cell response and function, and Ca 2+ is released into the cytoplasm from the vacuole in order to maintain Ca 2+ homeostasis (Gilroy et al. 1993; White and Broadley 2003) . In addition, Ca 2+ plays an important role in regulating the structure and function of the cell wall, in which the Ca 2+ binds to the pectin and maintains the structural rigidity and activity of the cell wall components (Hepler 2005) . Compared to the pear fruits without SBS, the amount of Ca 2+ in the vacuole and cell wall of the lesion zone in the skin of fruits with SBS was less than that of fruits without SBS and healthy parts near the lesion zone of SBS (Figs. 3 and 4) . These results further demonstrate the lower Ca 2+ distribution in the skin of the fruits with SBS at the intercellular level. The deterioration of the cell membrane and cell wall in the lesion zone of SBS (Fig. 3e) is linked; therefore, Ca 2+ deficiency might break down the cell membrane and cell wall structure, supporting the hypothesis that cellular metabolism requires balanced intracellular Ca 2+ levels for membrane stabilization and function protection (White and Broadley 2003) . In addition, our study demonstrates that more electron-opaque materials, which were different from Ca 2+ distribution, were observed in the tannin cells in the lesion zone of SBS. The vacuoles of tannin cells contain many phenolic compounds, such as condensed tannins (proanthocyanidins or flavolans), flavonoids, and chlorogenic acid (Escarpa and González 2000; Galvis Sánchez et al. 2003) . After the breakdown of the cell membrane structure, polyphenol oxidase (PPO) subsequently comes into contact with these phenolic compounds to trigger the browning reaction (Guan et al. 2005) . Therefore, the intercellular changes in the Ca 2+ distribution in the skin tissue could be a main factor affecting SBS development.
In conclusion, the water-soluble Ca 2+ content in the skin and flesh tissues was closely correlated with the SBS development, and a higher Ca 2+ content in the vacuole and in the cell wall might be favorable for the maintenance of normal Ca 2+ homeostasis, which would prevent the occurrence of SBS. In contrast, the lower Ca 2+ content in the vacuoles and cell walls might result in the breakdown of the cell membrane and cell wall, thereby triggering the tissue browning reaction and subsequently inducing the occurrence of SBS in bagged Huangguan pear fruits.
